Literature available on flitch plate loss analysis is quite scarce. Calculation of losses and temperature rises occurring in structural parts of a transfanner is a very complex task due to magnetic and thermal non-linearity. Karsai et. al. have given an approximate but practical method of calculation of losses and temperature rise of critical strwtural parts of a transformer [2]. Eddy-current losses arising in metallic parts of rectangular cross section are calculated by an analytical method which makes certain approximations based on experimental factors [3]. Field strength at the inner edge of the LV winding is assumed to vary periodically with a sinusoidal distribution in the space along the height of the winding, and the non-sinusoidal nature is accounted by multiplying loss by a factor. The approximations made are: eddy current reaction is neglected and only amplitude of harmonic campanents of the field strength in the z direction (perpendicular to plate surface) are subject to change, their wavelengths and phase positions remaining unaltered. For a l l l y slotted flitch plate, the
of incident flux density and poorer cooling conditions. The loss density may attain levels that may lead to hazardous local temperature rise if the material and type of flitch plate are not selected properly. Suchhigh temperatures can cause deterioration of insulation, thereby jeopardizing the service reliability of the transformer [I].
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I. INTRODUCTION
analytid-formulation is modified by cansidering-splitting of plate into distinct parts. Even though this analytical ne problem of stray field losses becomes increasindy fannulation helps the transformer designer in quick important with growing stray flwt estimation of flitch plate losses, more accurate analysis by the core and fittings such as the flitch plate mounted on the Another aspect is the Of the Of dot outmost core be provided only in the zone where radial flux is incident on laminations together vertically), stray flux density may be the flitch Plate). The analytical formulation cannot be much higher than that on the W. Hence, although the modified for losses
The above limitations of the analytical formulation significant part of the total losses of the transf~rmer, the underline a need for E M to obtain a good amount of flitch plates. The paper describes details of statistical respectively. Core symmetry axis and tank outer boundary are constrained with Dirichlet condition, so that the field lines are parallel to these boundaries. Center line of windings is left unconstrained (Neumann condition) so that field lines are perpendicular to this boundary axis. The FEM analysis was done for 27 combinations of 5 factors as per L27 orthogonal m a y for a mild steel flitch plate (12 mm thick).
Leakage field plot for a certain combination of factors is shown in Fig. 2 . Loss is calculated as the integral of pJ2 (yresistivity, J= current density) over the volume of conducting flitch plate material in which eddy currents are produced. The ANOVA was subsequently carried out to quantify the effect of each factor on the flitch plate loss. Results of ANOVA are shown in Fig. 3 . It can be seen that only fhctor Q (LV-HV gap) has a more or less linear relation to the loss. Variation of factor x5 (HV winding to tank clearance) has a relatively less effect on the loss as compared to other factors. For fixed ampere turns, as axial length'of winding reduces, leakage field increases correspondingly. Also, as the axial height of windings is reduced (with other factors unchanged) the radial leakage field incident on the flitch plate will increase. Hence there is an increase in flitch plate loss with reduction of winding height. Similar explanation can be given for the effect of variation of other factors on the loss. Regression analysis was subsequently carried out to compute regression coefficients of the quadratic surface.
The quadratic surface generated can be used by designer for a quick estimate of loss in the flitch plate after correcting 
3-D FEM ELECTROMAGNETIC ANALYSIS

A. Model
A single phase, 33 MVA, 220/132/11 kV aut* transfmer was modeled with various types of flitch plates, viz., no slots, slots throughout the length of the plate, slots of 400 mm length in the radial leakage field zones. Only one-eighth of the transformer was modeled in MagNet 5.2 FEM software, as shown in Fig. 4 (tank not shown), by taking symmetry about y-z (x=O), x-z 0-0) and x-y (z-0) planes. Meshing in the base plane was carried out in such a way that the area of interest (flitch plate) was meshed densely. The problem was solved using second order elements in the flitch plate. All other materials had first order elements. The loss values reported are the stabilized values after using adaptive solving facility of MagNet software, in which improvement parameter was set at 25% 
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B. Analysis of Mild Steel Flitch Plate
A mild steel flitch plate (relative permeability ~.lr = 1000, conductivity Q = 4x106 S/m) with 1, 3 and 7 slots was studied. Results obtained are summarized in Table 11 . The loss values shown are for one-fourth of a complete plate. The LV and HV windings are defined as current driven coils with ampere-turns of 71449 and -71449 respectively. "he loss for '7 slots throughout' case is approximately 4 times less than that of 'no slots' Case. Theoretically, loss is proportional to square of width, hence for n slots, the loss should reduce approximately by a factor of (n+l) i. e. 8. (if a plate width of 3w is divided by 2 slots into 3 plates of width w, then loss will theoretically reduce by a factor of (3wY divided by 3 d , i.e. 3). The pattern of eddy currents is complex in mild steel material. Eddy loss in mild steel has two components : loss due to radial incident field, and the other due to axial field (the incident radial flux changes its direction immediately once it penetrates inside the plate due 
mm). This
phenomenon is evident frm the eddy current pattern at the plate cross section taken at 0.5 mm from the surface h c h g windings in y-z plane ( Fig. 5a and Fig. 5b ). There is hardly any change in eddy current pattern in this cross section, afier the introduction of slots. The direction of eddy currents suggests the predominance of axial field at 0.5 mm from the surface. There are also eddy current loops in thickness of the plate (x-y plane, at the position of slots in z direction, between slot and edge of plate) as shown in Fig. 5c . These may be the reasons for the ineffectiveness of slots in MS plate which in turn explain as to why the reduction of losses is not by a factor of 8. The Table also demonstrates that slots of limited length in the radial leakage field zone may be sufficient for transformers where incident flux density on the flitch plate is smaller. If higher tensile strength mild steel is used, having lower conductivity (Q = 2 . 2~1 0~ S/m) and lower permeability (k =50), losses are lower as compared to normal mild steel material (for 3 slots of 400 mm long, the loss is 40 watts).
plate by 3-D FEM thermal analysis (NISA software), which is explained in the following section.
C. Analysis of Stainless Steel Flitch Plate
Four simulations were carried out on stainless steel (k = 1, Q = 1.13~10~ S/m) flitch plate. Results are summarized in Table 111 . Due to a large penetration depth of stainless steel (67 mm), the incident field penetrates and hits the m e laminations. This phenomenon is evident from the eddy current pattern at the plate cross section taken at 0.5 mm from the surface in y-z plane (Fig. 6a and Fig. 6b ). There is appreciable distortion in eddy current pattern after the introduction of slots. The direction of eddy currents indicates the predominance of radial field at the cross section, 0.5 mm from the surface. There are no eddy current loops in thickness of the plate (x-y plane at the position of the slots) as shown in Fig. 6c . These may be the reasons for the effectiveness of slots in SS plate. Thus, almost all the eddy current loops are parallel to face that sees the flux indicating that eddy loss in SS plate is predominantly due to radial field. Hence slots in SS plate are more effective as compared to MS plate. This means that losses should actually vary inversely as the number of slots. From the first two results we see that the reduction in losses is more (12 times) than is expected (8 times). This may be due to fact that each slot is 5 mm wide causing an appreciable reduction in losses due to reduced area of conduction. Due to higher resistivity of SS, the losses are correspondingly lower than MS. 
I -s y m r n e t r y~
IV. 3-D FEM THERMAL ANALYSIS
The autetransformer analyzed in the earlier section has a MS flitch plate with 400 mm slots in the top and bottom radial leakage fieldzones. Heat generation rates were defined for various zones of the flitch plate surface (y-z plane) and also along the plate thickness (x direction). These heat generation rates (watts/m3) were obtained for various zones fiom the 3-D FEM electromagnetic analysis.
The heat transfer coefficient (h) was calculated by the basic thermal theory of a vertical plate in an oil medium [7] . The oil f i l m temjxrature (average of measured values of plate and oil temperature) was 46.5 ' C. Properties of oil at 46.5"C are I be observed that, as expected, the temperature of the plate is maximum (about 51OC) in the region just above the slot. The temperature is well within limits for this transformer (due to low incident flux density on the flitch plate and low top oil temperature) and hence the design of the flitch plate (of mild steel with slots of only 400 mm length in the fiinging zone) is quite safe. In higher rating transformers, particularly generator transformers, where the incident flux density on the flitch plate is quite high, flitch plate design may have to be modified completely to either l l l y slotted SS flitch plate or laminated flitch plate. Temperature measurements were done on the aut+ transformer at various points near the slots of the flitch plate by thermocouples at 80%, 100% and 120% load along with top oil temperature. Comparison of calculated and measured values of temperatures at point-A (Fig. 7) on the flitch plate is given in Table IV . For more accurate evaluation of the flitch plate loss, three dimensional FEM studies were carried out on slotted mild steel and stainless steel flitch plates. The effect of number of slots and slot length on losses was studied in both cases. The eddy current patterns clearly indicate that loss in mild steel is due to both radial incident field (on the surface) and axial field (inside the surface). The slots are more effective in the stainless steel flitch plate than the mild steel flitch plate, as the field in case of stainless steel is predominantly radial due to large penetration depth. Slots of limited length in the radial leakage field zone for mild steel or stainless steel flitch plate may be adequate for transformers, if the incident field on the flitch plate is low. Simulation of laminated flitch plate proved that the loss in laminated case is much lower as compared to stainless steel plate. 
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